In vivo, motile epidermal tissues frequently encounter ligand microinterfaces that are dynamic, owing to rapid cell-mediated substrate phagocytosis. In this study, we have examined cell motility phenomena in response to the adhesion ligand, collagen, which was presented on cell-internalizable 400-nm colloidal gold microcarriers. Normal human keratinocytes were seeded onto collagen-adsorbed poly(lactide-co-glycolide) (PLGA) films that were predeposited with varying densities of the ligand-associated microcarriers (LAMs), such that the overall ligand density and the ligand loading per microcarrier were invariant. Cells seeded on LAMs exhibited rapid and distinct cytoskeletal redistribution resulting in numerous filopodial extensions, indicative of activation of cell motility processes. We report that the population-averaged cell migration rate of cells, m, was increased from 2 mm 2 /min on collagen substrates lacking the microcarriers, to ,50 mm 2 /min on collagen presenting LAMs. An increase in LAM density to 1.2 LAMs per mm 2 was found to maximize m, as well as the directional persistence and speed of cell migration, whereas very high LAM densities saturated cell internalization and diminished migration rates. The cell-LAM interactions essential to enhanced migration were ligand-activated, as m values were reduced 400% on internalizable microcarriers lacking ligands; moreover, cooperative ligand elicitation was possible, for example, when 10 mg/mL soluble fibronectin was introduced as a costimulant of keratinocytes, yielding the highest reported m values (80 mm 2 /min) on collagen LAM-PLGA substrates. Notably, cell migration rates were severely repressed when cell internalization processes were challenged through covalent conjugation of ligand carriers to the substrate, indicating that signals from cell-LAM binding alone were inadequate for elevated levels of cell migration. Further analysis indicated that the presence of LAMs did not alter the protease-resistant adhesivity between the cell and the underlying substrate, suggesting that the activation governing ligand interactions likely arose at the cell-LAM interface rather than the cell-substrate interface. This study highlights the novel use of secondary ligand-presenting microscale/nanoscale depots at polymer substrates to elicit, via dynamic cell internalization processes, significantly enhanced levels of cell migration over traditional interfaces with ligand-bearing substrates.
INTRODUCTION D
YNAMIC LIGAND INTERFACES that target ligand-carrying microvehicles directly to a cell population of interest can result in increased sampling efficiency and bioavailability of the delivered molecule. Ligandbound microparticle based systems have been widely utilized for the intracellular delivery of drugs, genes, and peptides, as well as for the rapid and precise detection of protein antigens and molecules. 1 In addition to cell targeting, ligand interfaces also play an important role in a variety of in vivo cellular activities, including differentiation, proliferation, and migration, which are spatiotemporally regulated by cell receptor interactions with the local ligand field.
Cell migration is central to a number of physiologic phenomena, and there has been much interest in determining ligand properties that govern cell migration processes, particularly on ligand-borne biomaterials that are widely used in the field of tissue engineering. 2, 3 Systematic variations in cell migratory responses to ligands have been widely investigated by the modulation of the ligand substrate density, receptor-ligand affinity, and the number of integrin receptors, 4, 5 and have been examined by altering the availability of integrin cell surface receptors via antibody blocking. 6 More recently, variations in the two-dimensional (2-D) spatial organization of substrate ligands have been shown to alter the rate of the establishment of ligandreceptor contracts and to serve as a basis to selectively activate intracellular signaling pathways controlling cell migration. 7 Cell migratory behavior has also been shown to be enhanced in three-dimensional (3-D) ligand clustered systems, wherein ligand properties have been varied in conjunction with the microgeometry of the substrate. 8 Since receptor clustering is known to be necessary for full migratory activation, 9 3-D microconfiguration of ligand interfaces may be a significant parameter to activate receptor-regulated cell migration. However, significantly elevated levels of local receptor-ligand binding can also suppress cell motility in these systems, because of increased cell adhesion to the ligand immobilized substrate, a limitation that may be potentially overcome using a dynamic type of a ligand microinterface.
We have previously proposed the use of a secondary microinterface between ligands and substrate-deposited microcarriers, which can activate receptor-based cell signals transiently, and which is dynamic in the sense that cells internalize the ligand. 10 Similar transient interactions may exist during the unique phagokinetic migration of skin keratinocytes during wound healing, as cells can rapidly migrate on matrices with high ligand concentration internalizing the matrix along their migratory path. 11 Our studies have specifically focused on the migration behavior of keratinocytes, on poly(lactide-co-glyolide) (PLGA) substrates, in the presence of ligand-bound colloidal gold microcarriers. 10 The ligand-adsorbed microcarriers (LAMs) exhibited dynamic interactions with migratory keratinocytes and were rapidly cleared upon binding to the cells through phagocytic internalization as the cells migrated. 12 In this study, we have examined a model system of cell phagokinetic migration on ligand immobilized substrates, following the systematic incorporation of a second, dynamic ligand-presenting microinterface. The microinterface was established through varying densities of collagen-bound 400-nm scale gold microcarriers deposited on the underlying PLGA substrate (Fig. 1 ). Our studies show that an active, dynamic interaction with the LAMs can significantly enhance the rate of cell migration elicited by the adhesion ligand. The enhancement is directly governed by the extent of cell-LAM interactions and is dependent on cell-mediated LAM internalization.
MATERIALS AND METHODS

Cell culture
Human keratinocytes from neonatal foreskin were isolated by enzyme digestion 13 and cultured in serumfree keratinocyte growth medium (KGM; Clonetics, San Diego, CA) containing 0.1 ng/mL epidermal growth factor (EGF), 5 mg/mL insulin, 0.5 mg/mL hydrocortisone, 50 mg/mL gentamicin, 50 ng/mL amphotericin-B, 0.15 mM calcium, and 30 mg/mL bovine pituitary extract (BPE). Each isolation was screened for contaminating fibroblasts using indirect immunofluorescence staining for keratin 14 and vimentin (Sigma, St. Louis, MO). In all experiments, cells were used at passage 2 or 3. To fully define the culture media for ex-periments, media was switched to KGM without BPE and EGF at 6 h prior to the initiation of the experiment.
Substrate preparatio n
Glass coverslips (25-mm-diameter) were cleaned using soap and sonication, and stored in 100% ethanol until use. Thin polymer films were obtained by spincoating a 1% w/v solution of 50:50 poly-D,L(lactic acid-glycolic acid) (PLGA; Medisorb, Cincinnati, OH) in chloroform onto cleaned coverslips. PLGA films were then coated with type I rat tail collagen (Collaborative, Bedford, MA) at a concentration of 5 mg/cm 2 by slowly evaporating 1 mL of a 24.2 mg/mL collagen solution in 0.2 N acetic acid at room temperature. The substrates were then placed in six-well plates and held in place with a small amount of silicone glue.
Prepared substrates were coated with collagen-adsorbed particulate gold salts in order to stimulate phagocytosis. Gold salts were prepared as previously described. 14 Briefly, 11 mL of distilled water was combined with 6 mL of 36.5 mM Na 2 CO 3 and 1.8 mL of 14.5 mM AuCl 4 H (J.T. Baker, Phillipsburg, NJ). The solution was heated just to boiling, and 1.8 mL of 0.1% formaldehyde was added. In order to prevent any substrate denaturation, the solution was then cooled to below 70°C. The cooled solution was layered over the prepared substrates (2 mL) and incubated at room temperature for 45 min. The addition of the gold solution at these temperatures results in desorption of a significant portion of the collagen. The collagen then binds to the gold particles through noncovalent interactions. In some experiments, substrates were coated with a solution made without AuCl 4 H prior to the addition of gold particle solution to obtain final substrates with nonligand adsorbed microparticles. We have previously shown that substrates prepared in this manner contain a final collagen concentration of 612 ng/cm 2 . 10 Experiments were also performed with substrates on which the gold particles were covalently attached. Since we have previously found the extent of migration on collagen-adsorbed PLGA is equivalent to that observed on collagen-adsorbed glass, 10 the gold particles were attached directly to glass coverslips. Glass coverslips were covalently modified using chemistry similar to that previously used to micropattern surfaces in order to examine cell migratory and adhesion phenomena. [15] [16] [17] Surface hydroxyl groups on cleaned glass coverslips were first activated by immersion in 20 mL of a solution containing nine parts sulfuric acid (Fisher, Pittsburgh, PA) and one part 30% hydrogen peroxide in water (Sigma, St. Louis, MO). min, the coverslips were extensively rinsed with water and then air-dried. The activated coverslips were then modified with an amine functionalized silane. Briefly, activated coverslips were immersed in a 1% solution of N-(2-aminoethyl)-3-aminopropyltrimethoxysilane (Aldrich, Milwaukee, WI)/ethanol/water in a 1:95:4 v/v/v ratio. After 2 min of sonication, the coverslips were thoroughly rinsed with ethanol and then dried at 105°C for 30 min. 15 After collagen adsorption onto these activated coverslips, addition of the gold particle solution resulted in substrates containing covalently attached ligand-adsorbed microparticles. 18 In order to decrease the surface particle concentration, the coating solution was diluted. To increase the surface concentration, the total amount of gold solution layered over the substrates was increased. Previous studies have shown that the average diameter of gold particles formed in this manner is approximately 400 nm. 19 In order to verify the final surface particle concentration, transmitted microscopy images of the substrate surface were obtained at 1003 magnification and analyzed using image analysis. In experiments where no gold particulates were used, substrates were coated with a solution made without AuCl 4 H.
Cytoskeletal morphology
Indirect immunofluorescence was used to visualize the actin cytoskeleon. Seeded keratinocytes were allowed to attached to substrates for 2 h and were then fixed with a solution of 3% formaldehyde in PBS. After permeabilization with 0.1% Triton-X in PBS for 4 min, cells were incubated for 45 min at room temperature with a dilution of fluorescein phalloidin (Molecular Probes, Eugene, OR). Cells were then visualized using fluorescence microscopy on a Zeiss Axiovert microscope (Carl Zeiss, Inc., Thornwood, NY).
Time-lapse microscopy and image analysis of cell migration
Keratinocytes were plated onto prepared substrates in six-well plates in KGM media without BPE at a density of 2000 cells/cm 2 and allowed to attach for 2 h at 37°C. Thirty ng/mL of EGF (Sigma) was simultaneously added with the cells. In some experiments, soluble fibronectin stimulation was incorporated by adding 10 mg/mL fibronectin (Sigma) to the media. After the attachment period, the six-well plate was transferred to the motorized, heated stage of a Zeiss Axiovert laser scanning microscope (Carl Zeiss, Inc.). The microscope stage was kept at 37°C using a specially designed, temperature-controlled, humidified, Plexiglas incubation chamber. All cell tracking was performed under brightfield at 103 magnification with 1.53 zoom. Using LSM 410 software (Carl Zeiss, Inc.), a macro was written to store and track three representative fields of view from each coverslip in the 6 well plate. Scanned images were obtained every 3 min up to a total time of 5 h. Images were then processed using Image-Pro software (Media Cybernetics, Silver Spring, MD) to analyze the paths of the individual migrating cells. Between 5 and 12 cells were analyzed in each field of view. Only cells whose paths did not intersect those of other cells over the migration period were selected for analysis. Selected cells were highlighted and their centroids at each time point recorded. In addition, the area cleared by the cells at each time point was also determined.
Determination of random motility coefficient, m
The random cell motility coefficient was determined using the formulation originally proposed by Dunn and later by Othmer et al. 20, 21 Briefly, the random motility of individual cells was characterized by regression of the mean-squared displacement behavior of the cell population as a function of time:
where kd 2 (t)l is the mean-squared displacement, P is the cell directional persistence time, and t is the time interval of the experiment. Using the (x,y) coordinates of the cell centroids, squared displacements were calculated to be:
In order to take advantage of all positional data available, overlapping intervals were used. Mean squared displacements were calculated at given time intervals and fit to Equation 1 using the Levenberg-Marquardt nonlinear least squares regression algorithm to obtain estimates for m and P.
Cell adhesion strength
We found that traditional mechanical assays used to measure cell adhesion strength, such as the centrifugation assay 5 or the shear flow assay, 22 were unable to adequately determine the cell adhesion strength in our system. Thus, we used an enzymatic assay that measures the trypsin sensitivity of adhered cells to determine the effect of LAMs on cell-substrate adhesion strength. This assay has previously been shown to accurately determine the cell-substrate adhesion strength of cells adhered to synthetic polymer substrates. 23, 24 Keratinocytes were seeded onto prepared substrates and allowed to adhere for 30 min. Adhered cells were then treated with 0.008% trypsin-EDTA (Clonetics) for 5 min to 1 h at 37°C with gentle shaking. Cells detached during treatment were counted using a hemocytometer. Aliquots were taken a 5, 10, 20, 40, and 60 min, and initial volumes were restored by the addition of fresh trypsin-EDTA solution. Nondetached cells at the end of enzymatic treatment were released by 0.25% trypsin-EDTA within 15 min. The area beneath a graph of the percentage of cells released as a function of time was taken to be inversely proportional to the strength of cell adhesion to the substrate. 
RESULTS
Effects of LAMs on cell morphology
The actin cytoskeleton of migrating cells was visualized in the presence and absence of ligand-adsorbed microcarriers (Fig. 2) . In the absence of microcarriers, distinct stress fibers were seen throughout the cell. However, in the presence of LAMs, cells were found to exhibit a significantly greater amount of filopodial extensions with fewer distinct stress fibers evident throughout the cell. In the absence of ligand on the microcarriers, as well as when LAMs were covalently conjugated to the substrate, cells still exhibited distinct filopodia, but the extensions were shorter and fewer in number. 
Cell migration behavior on LAM substrates
Time-lapse microscopy was used to track migrating cells under various conditions. Representative images of cells in the absence and presence of LAMs are shown in Figure 3 . In order to quantify migration, the random motility coefficient was calculated using nonlinear least-squares regression. A comparison of cell population averaged mean squared displacement values with respect to time revealed a biphasic response to surface LAM density (Fig. 4) , both in the presence and absence of fibronectin stimulation. Values of m were found to confirm the biphasic trend as a function of ligand-bound gold microcarrier surface concentration with an maximum value of m of 49.69 6 12.25 mm 2 /min found to occur at a particle concentration of 1.216 LAMs/mm 2 (Fig. 5) . In the absence of particles, the value of m was found to be 1.75 6 0.27 mm 2 /min, and at 3.15 particles/mm 2 , m was found to be 4.87 6 0.74 mm 2 /min. Stimulation with fi- Estimates for root mean squared cell speed and directional persistence time were regressed from the mean squared displacement behavior versus time.
*A statistically significant difference, p , 0.05, between the values for a given condition and respective control (zero LAM density). For each LAM density, 40-50 cells were analyzed. bronectin caused a significant increase in the maximum value of m to 79.46 6 9.67 mm 2 /min (Fig. 5) . However, the particle concentration at which this maximum occurred remained at 1.21 particles/mm 2 . Persistence times and cell speeds were also calculated (Table 1 ). In the absence of fibronectin, cell speeds were found to be relatively unchanged with an average value of 0.831 6 0.07 mm/min. Persistence times were found to exhibit a biphasic trend similar to that observed with the random motility coefficient, with the greatest persistence time of 104.23 6 10.79 min occurring at a LAM density of 1.21 LAMs/mm 2 . Following 10 mg/mL fibronectin stimulation, however, persistence times decreased to a maximum value of 54.766 6 7.90 min. Moreover, modest biphasic trends were observed for both cell speed and persistence time with respect to LAM density.
In the absence of collagen ligand on the microparticles, cells were relatively non-motile with a m value of 12.51 6 1.99 mm 2 /min at a LAM concentration of 1.216 particles/mm 2 (Fig. 6) . The presence of collagen ligand on the particles significantly increased m to 49.69 6 12.25 mm 2 /min. Prevention of cellular internalization of the LAMs via covalent attachment to the underlying substrate lowered values of m to 5.01 6 0.92 mm 2 /min. The presence of soluble fibronectin was found to markedly enhance m values on collagen LAM substrates. This effect required internalizable, collagen adsorbed microcarriers, since fibronectin alone, or on collagen-deficient microcarriers (data not shown) did not elicit equivalent levels of m.
Using studies of LAM coverage dynamics over time, the amount of cleared area per cell was plotted versus time (Fig. 7) . In general, clearance kinetics was uniformly maintained at low and intermediate LAM densities; however, at 3.15 LAMs/mm 2 , the clearance profiles approach a plateau by 5 h. In general, the net LAM clearance behavior qualitatively correlates with that of the rate of cell migration, with the greatest amount of clearance observed with cells migrating on the optimal LAM density (1.216 LAMs/mm 2 ; Fig. 7 rivative of clearance area was greater in the presence of fibronectin (Fig. 7B) , indicating that fibronectin costimulation could consistently enhance clearance kinetics prior to saturation effects due to internalized LAMs.
Effect of LAMs on cell adhesion strength
The relative biological adhesion strength of cells adhered to substrates with and without microcarriers was assessed using an enzymatic assay. hered cells had become detached. No significant differences were observed between substrates containing microcarriers and those without carriers (Fig. 8) .
DISCUSSION
Engineering ligand-specific cell motility processes is key to the control of tissue interactions with implanted biomaterials 25, 26 and during cell transplantation for tissue engineering applications. 27, 28 In this study, we have quantitatively examined the behavior of keratinocyte migration in the presence of a secondary, dynamic ligand interface. We report that the induction of ligand-mediated phagocytic processes via LAMs can significantly enhance cell migratory responsiveness to the basal substrate ligand.
Our studies show that keratinocyte binding to ligand carriers alone is not sufficient to activate significant migratory activity; LAM internalization appears to be an essential coactivator for enhanced migration. In fact, covalent immobilization of LAMs to the underlying substrate resulted in severely repressed migration. Previous investigations have presented evidence suggesting that phagocytic internalization events may contribute to motility dynamics by providing a means for membrane and integrin receptor recycling. 29, 30 In addition, the phagocytic internalization process can effect cytoskeletal activation pathways that play a role in cell migration. [31] [32] [33] It is possible, therefore, that the LAM internalization process contributes to cell migratory activation through temporally accumulated signaling intermediates that comediate migration as well as cytoskeletal processes, and like conventional phagocytic processes, effects faster receptor recycling.
Cell migration on ligands immobilized to substrates is induced via the activation of intracellular signal transduction pathways arising from receptor-ligand binding. 34, 35 By using ligand-presenting microcarriers or nanocarriers as secondary ligand depots in our system, we expect that the migratory activation may be promoted by altering the rate or degree of ligand exposure. The progressive increase in intracellular activation due to LAMs is indicated by the differences in membrane spreading activity. 36 A significant increase in the number of long filopodial extensions was observed in cells exposed to internalizable LAMs compared to those exposed to ligand-deficient microcarriers; very few filopodia were seen at all on purely li- gand immobilized substrates (no LAMs) or with carriers that were noninternalizable. Thus, the relatively mobile nature of the LAMs is critical for enhanced migration, and the increase in migratory activity observed is not simply due to the microtopography imparted to the substrate by the LAMs.
In our studies, phagokinetic cell migration processes were quantitatively characterized in terms of two components: the rate of net mean squared displacement (msd) of cells and the population-averaged clearance, which quantifies progressive decrease in the degree of LAM coverage. By comparing these two indices, one can infer cell motility characteristics as a function of LAM density and the presence of a costimulant. For example, at 1.21 LAMs/mm 2 , the clearance values as well as msd values were observed to increase monotonically over time, indicating a uniform rate of "new encounters" between cells and LAMs. On the other hand, for 3.15 LAMs/mm 2 , the clearance profile levels off, (with very low values of msd), indicating that internalized LAM concentration reaches saturation, leading to impaired cell migration. The fact that the combination of increasing msd but a saturation in clearance was not observed in any of our conditions, indicates that new LAM interactions are critical for increased migration in our system. It is also possible that the rapid cell-LAM binding events cannot sufficiently "turn on" signal transduction processes sustaining migration-continuous LAM stimulation may be necessary to sustain enhanced motility. Reasons for this phenomenon are still unclear, although we believe that the relative time constants for cell motility and cell phagocytosis may underlie the rate-limiting signaling processes arising from cell-LAM interactions, which will be the subject of a subsequent theoretical study. 12 Regardless of the stimulatory conditions used, LAM density was observed to govern cell motility in a distinctly biphasic behavior. It is notable that the accompanying changes in the cell persistence behavior were also distinctly biphasic (Table 1) , particularly in the absence of FN stimulation. We believe that cell binding to LAMs strengthens the directional persistence behavior, and that LAM density can intensify this further, within limits. Why 1.21 LAMs/mm 2 promote persistence is unclear, although it is likely that at this density, LAM clearance at the leading edge of cells can be "spatially autocatalytic" for further LAM binding and clearance, thus eliciting tracks with highly correlated nature. Cell motility has been similarly shown to correlate with persistence in systems where contact guidance due to ligand concentration predisposes persistence behavior. 37 At very high LAM density, in our system, intracellular LAM saturation downregulates LAM binding and migratory activation, further decreasing persistence behavior. Interestingly, the presence of soluble FN stimulation lowers persistence (indicating that cell binding has less regioselectivity), while enhancing cell speed (presumably via upregulated activation pathways following LAM binding 10 ), as well as enhancing the cell speed sensitivity to LAM density. The latter effect indicates that the time constant for binding and migration may be lowered in the presence of fibronectin. Overall, we believe that LAM density controls the initial rate of cell-LAM interactions, and that there exists a threshold range of cell-LAM interactions that activates migration. (Extremely high levels of cell-LAM interactions lead to local clearance, but cause only insignificant increases in msd.) Our data suggests that once migration is induced, the rate of cell-LAM interactions may be dependent upon both the LAM density, and the rate of cell migration. There is, therefore, an optimal LAM density that is able to stimulate migration at a rate that may be conducive to maintaining an optimal rate of cell-LAM interactions. At higher LAM densities, the rate of initial cell-LAM interactions is high, initially activating migration, but the rate of migration combined with the high LAM density quickly leads to saturation of cell-LAM binding sites, which results in a decrease in the rate of new cell-LAM interactions, resulting in reduced migration. At far lower LAM densities, on the other hand, the rate of cell-LAM interactions is not rapid enough to activate migration.
Previous studies using substrate adsorbed cell adhesion proteins have shown that the rate of cell migration can be ultimately limited by the short-term adhesion strength of the cell to the substrate, which in turn is governed by the initial ligand-receptor interactions. 5, 38 In contrast, our studies highlight a configuration wherein, regardless of the presence of microcarriers, the short-term values of keratinocyte adhesion (expressed in units of protease-resistant adhesion), remained uniformly low and invariant even under conditions of significant changes in the levels of cell motility (Fig. 7) . We expect that, in our system with LAMs, the substrate-cell adhesion strength is primarily governed by the number of ligand-receptor interactions at the substrate, not by the receptor-ligand interactions at the secondary LAM interface, which is relatively mobile in nature. Since the overall (LAM/substrate) collagen ligand density used in our studies (0.6 mg/cm 2 ) is significantly lower that previously reported to be optimal for keratinocyte migration on collagen (3.7-4.4 mg/cm 2 ), 39, 40 in all of our studies herein, cell-substrate adhesion strength is low and, in the absence of LAMs, keratinocyte motility is limited by weak traction forces on the underlying substrate. However, the presence of LAMs induces phagocytosis, during which temporally coordinated forces within the cell cytostructure and cell spreading can result in the generation of a significant cell contractile force. 41, 42 We believe that the presentation of collagen ligand on the internalizable microcarriers is necessary in our system to cause increased activation of the signal transduction pathways, resulting in the enhancement of a contractile force that is able to overcome the low adhesion strength to the substrate. We have preliminary data suggesting, for example, that the net intracellular tyrosine kinase activity of motile cells 34 depends on the rate of LAM internalization, 12 which is cooperatively upregulated by collagen-LAM and soluble fibronectin. 10 For intermediate levels of LAM density, the LAM binding dynamics (sensitively governed by the collagen concentration) may also influence the tyrosine kinase specific activation. The balance between the relative rates of cell-LAM binding versus internalization and their variation via alteration of the surface LAM density and microcarrier ligand concentrations, may, therefore, be parameters to control migratory activation on these substrates (Fig. 9 ). Understanding how cell motility processes are regulated at the level of cell-LAM interactions will have to await further mechanistic studies. 12 In conclusion, we have shown that the controlled induction of phagocytic events through substrate-associated ligand-microcarriers can be used to increase cell motility responsiveness to a substrate ligand. We propose that there exists a parametric regimen wherein presentation of ligand on dynamic, mobile microcarrier substrates may result in enhanced activation of migration. This approach can sustain greatly increased migration for a given ligand field due to the "decoupling" of biophysical effects of the primary ligand (the substrate adhesion strength) and activation induced through a secondary ligand, and through further activation due to microcarrier internalization. The results from our studies could have direct implications for the design of biomimetic strategies toward directed epithelialization of skin grafts as well as the emerging fields of tissue-targeted cell delivery 43 and functional noninvasive bioimaging, wherein the ligand specific uptake of nano-or microparticulate matter may be used for the imaging and detection of alterations in tissue molecular properties. Applications also exist in the fields of functional proteomics, 44 rapid biosensors, 45 and models of phagokinetic cell migration during wound healing.
